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Abstract: Amygdalus pedunculata Pall. is a major species that is widely planted in afforested soils with 
different textures in the transitional zone between Mu Us Desert and Loess Plateau, China. However, the 
responses of A. pedunculata to increasing intensity of water stress in different textural soils are not clear. 
Here, we conducted a soil column experiment to evaluate the effects of different textures (sandy and 
loamy) on water consumption, water use efficiency (WUE), biomass accumulation and ecological 
adaptability of A. pedunculata under increasing water stress, i.e., 90% (£5%) FC (field capacity), 75% (£5%) 
FC, 60% (45%) FC, 45% (45%) FC and 30% (£5%) FC in 2018. A. pedunculata grown in the sandy soil 
with the lowest (30% FC) and highest (90% FC) water contents had respectively 21.3%-37.0% and 
4.4%-20.4% less transpiration than those with other water treatments (45%—75% FC). In contrast, A. 
pedunculata transpiration in the loamy soil decreased with decreasing water content. The magnitude of 
decrease in transpiration increased with increasing level of water deficit (45% and 30% FC). Mean daily 
and cumulative transpirations of the plant were significantly lower in the sandy soil than in the loamy soil 
under good water condition (90% FC), but the reverse was noted under water deficit treatments (45% and 
30% FC). Plant height, stem diameter and total biomass initially increased with decreasing water content 
from 90% to 75% FC and then declined under severe water deficit conditions (45% and 30% FC) in the 
sandy soil. However, these plant parameters decreased with decreasing water content in the loamy soil. 
WUE in the sandy soil was 7.8%—12.3% higher than that in the loamy soil, which initially increased with 
decreasing water content from 90% to 75% FC and then declined under water deficit conditions (45% and 
30% FC). The study showed that plant transpiration, biomass production and WUE responded 
differentially to increasing intensity of water stress in the sandy and loamy soils. The contrasting responses 
of A. pedunculata to water stress in different textural soils can guide future revegetation programs in the 
northern region of Chinese Loess Plateau by considering plant adaptability to varying soil and water 
conditions. 
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1 Introduction 


Loess Plateau is a typical region for the ecological fragility in China with severe soil erosion and 
water scarcity (Huang and Shao, 2019). Soil erosion and water scarcity are driven by: (1) the high 
erodibility of loess soils; (2) limited and unevenly distributed precipitation; and (3) frequent and 
intensive human disturbances. The Grain for Green Program was implemented in this region in 
the 1990s in order to improve the ecosystem service and function. Since then, large areas of 
sloping farmlands have been converted into forestlands and grasslands. This has resulted in a 
significant increase in vegetation cover, which in turn improved the ecological environment on 
the Loess Plateau (Sun et al., 2015). However, severe soil water deficit has occurred in the 
restored grasslands and forestlands. This is as a result of dual effect of natural and anthropogenic 
factors on the ecosystem, e.g., low precipitation, high evapotranspiration and unreasonable 
revegetation. Dry soil layers have been developed on the Chinese Loess Plateau (Chen et al., 2008; 
Wang et al., 2018), thus causing vegetation degradation and declining ecological 
services/functions (Shao et al., 2018; Huang and Shao, 2019). Moreover, extreme dry weather 
condition has become more frequent in recent years due to global warming (Bui and Maloney, 
2018), which further threatened the sustainability of vegetation restoration on the Loess Plateau. 
Recent studies show that vegetation restoration on the Loess Plateau is approaching sustainable 
water resource limit (Feng et al., 2016; Wang et al., 2018; Huang and Shao, 2019). Given the 
increasing water shortage on the Loess Plateau, it is projected that plant growth and productivity 
will be adversely limited by water stress. Therefore, a better understanding of the response of 
typical vegetation to water stress is important for future vegetation restoration and ecological 
construction. 

Studies have shown differential responses of plants to water stress either among different plant 
species (Blackman et al., 2010; Liberati et al., 2018) or during different growth stages of the same 
plant (Kpoghomou et al., 2010; Ma et al., 2017; Swain et al., 2017; Bozorov et al., 2018). 
Blackman et al. (2010) examined the decline of leaf water potential, leaf hydraulic conductance 
and midday transpiration in four temperate woody species under drought stress and subsequent 
recovery after re-watering condition. Result showed that the level of drought tolerance varied 
significantly among the four species and was strongly correlated with leaf hydraulic vulnerability. 
Kpoghomou et al. (2010) investigated the sensitivity of soybean (Glycine max L.) to drought 
stress during different growth stages (vegetative, flowering and pod-filling) and found that 
reproductive stage was more sensitive to drought than vegetative stage. The response of plants to 
water stress is controlled by complex regulatory events that are mediated by abscisic acid signal, 
ion transport and transcription factors, all contributing to a molecular network that enables plants 
to adapt and survive (Swain et al., 2017; Fu et al., 2018; Zhang et al., 2018). 

In addition, the patterns of response and mechanisms of adaptation of plants to water stress are 
shown to change with the intensity and duration of water stress. For instance, mild water stress 
can improve water use efficiency (WUE) (Liu et al., 2013) and induce the reprogramming of 
transcriptional regulation (Nelissen et al., 2008). In contrast, moderate and severe water stresses 
can inhibit plant physiological activities (Landi et al., 2017). By investigating the response of 
crop yield to water stress, researchers found that the cause and extent of grain yield loss vary with 
the timing of water shortage, growth stage and water stress intensity. Water stress during 
vegetative stage affects grain yield mainly by reducing crop density and kernel number (Dolferus 
et al., 2011). However, drought during grain-filling stage can reduce kernel weight by reducing 
grain-filling duration (Gooding et al., 2003). Despite these results, there still remains much to 
learn about the regulation of plant response to drought due to site-specific and species-specific 
differences. 

The response of plants to water stress has also been extensively studied in the Loess Plateau 
region, where water shortage severely affects crop production and vegetation restoration. Studies 
show that different traits of plants differently perform under drought conditions (Wu et al., 2011a). 
Yan et al. (2016) found that stomatal conductance of maize (Zea mays L.) was most sensitive in 
mild drought condition, and carbon accumulation was more sensitive than other parameters (net 
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photosynthesis rate, stomatal conductance and transpiration rate) in moderate drought condition. 
It was further noted in the study that plant height and stem had the highest response to severe 
drought condition. Different species (i.e., herbs, shrubs and trees) also exhibit different survival 
strategies under water stress (Xu et al., 2011; Fang et al., 2016; Yan et al., 2017). Ma et al. (2011) 
found that different varieties of Panicum virgatum L. had different WUE and morphological 
characteristics under the same level of drought condition. This was apparently associated with the 
level of ploidy and aridity of the habitat used (Ma et al., 2011). Transpiration characteristics of 
different plants are significantly different under drought conditions, as transpiration rate of 
broad-leaved plants is more susceptible to drought stress compared with coniferous plants (Zhang 
et al., 2008; Jiao et al., 2016). Although there is huge repository of studies on the response of 
different plant species to water stress, little is known about the response of plants to water stress 
in different textual soils. Studies show that soils on the Loess Plateau significantly differ in 
texture and water condition, especially along south-north or east-west transects of the plateau 
(Tian et al., 1987; Zhang, 2002; Huang et al., 2019). A better understanding of the response of 
typical plants to water stress in different textural soils is the basis for rational allocation of 
vegetation and efficient use of water resources on the Loess Plateau. 

Amygdalus pedunculata Pall. belongs to the family Rosaceae, which is widely used in 
vegetation restoration in the transitional zone between Mu Us Desert and Loess Plateau due to its 
cold and drought tolerance, deep root system and adaptability to a wide range of soil type and 
water condition (Lu et al., 2018a, b; Huang et al., 2019; Huang and Shao, 2019). In recent years, 
local government has promoted the use of A. pedunculata for desertification control in the 
northern region of Loess Plateau, where there is high heterogeneities in soil and water conditions. 
In spite of the extensive planting and spread of A. pedunculata for preventing desertification in 
the transitional zone between Mu Us Desert (mainly sandy soils) and Loess Plateau (mainly 
loamy soils), it remains unclear in terms of how the plant responds to water stress in soils with 
different textures. We hypothesize that the responses of water use, biomass production and WUE 
of A. pedunculata to water stress are affected by soil texture. To test this hypothesis, a soil 
column experiment was conducted for two different textural soils (sandy soil and loamy soil) and 
five levels of water treatment (90% (+5%) FC (field capacity), 75% (+5%) FC, 60% (+5%) FC, 
45% (45%) FC and 30% (+5%) FC) in four replications at the Shenmu Erosion and Environment 
Research Station on the northern Loess Plateau, China. The objective of the study was to: (1) 
determine and compare transpiration water use, biomass production and WUE of A. pedunculata 
under different soil and water conditions; and (2) evaluate the adaptability of the plant for 
successful ecological construction on the Loess Plateau where there is a high degree of 
heterogeneity in soil and water conditions. 


2 Materials and methods 


2.1 Study area 


The experiment was conducted at the Shenmu Erosion and Environment Research Station 
(38°46'-38°51'N, 110°21'-110°23’E) in Shaanxi Province, China. The study area is part of the 
wind-water erosion crisscross region on the Loess Plateau. Annual mean temperature is 8.4°C and 
mean annual precipitation is 437 mm with 70% precipitation occurring during June—September 
summer months. The lowest and highest temperatures generally occur in January and July, 
respectively. The main soil types are Calcaric Regosols, Eutric Regosols, Calcaric Arenosols and 
Calcaric Fluvisols according to Word Reference Base for Soil References; or Halustepts and 
Haplocalcids according to Keys to Soil Taxonomy (Mao et al., 2018), which have developed on 
loess deposits with a low fertility and loose structure. The main soil textural classes include sand, 
loamy sand and sandy loam, respectively representing 13%, 17% and 70% of soils in the region. 
Over the past several decades, vegetation in the catchment has been widely restored to control 
severe soil erosion and degradation. The typical plants used in vegetation restoration in the region 
include purple alfalfa (Medicago sativa L.), korshinsk peashrub (Caragana korshinskii Kom.) and 
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apricot trees (Prunus armeniaca L.). The abandoned croplands in the catchment are generally 
covered by natural vegetation such as bunge needlegrass (Stipa bungeana Trin.) and dahurica 
bush clover (Lespedeza dahurica (Laxm.) Schindl.). 


2.2 Experimental design and treatments 


The soil column (PVC, 1.2 m high and 25.0 cm in diameter) experiment designed for two textural 
soils (sandy soil and loamy soil) and five levels of water treatment (90% (+5%) FC, 75% (+5%) 
FC, 60% (45%) FC, 45% (+5%) FC and 30% (+5%) FC) was carried out from April to October in 
2018. Each treatment had four replicates, giving a total of 40 columns (2 textural soilsx5 water 
contentsx4 replicates). The sandy and loamy soils in the experiment were collected in the 
Liudaogou catchment. The undisturbed soil samples collected by stainless steel cutting rings were 
used for measuring soil bulk density (BD), saturated hydraulic conductivity (Ks) and FC. 
Composite disturbed soil samples were air-dried, ground and passed through 0.15—2.00 mm nylon 
sieves for measuring pH, particle size distribution (PSD), soil organic carbon (SOC), total 
nitrogen (TN) and total phosphorus (TP). Soil tests referenced from the Methods for Soil Physical 
and Chemical Analysis (ISSCAS, 1978). The measured basic soil properties are listed in Table 1. 
The soil samples were air-dried and sieved (<2 mm) to remove stones and roots before filling into 
the column. Vermiculite was added to the surface soil to limit evaporation and the bottom of each 
soil column was sealed to prevent water losses. A tube (2 mm in diameter) inserted from the 
surface to somewhere mid-way through the soil column was used for irrigating the soil to prevent 
crusting of the column soils. A. pedunculata seedlings of similar heights (45-50 cm) and stem 
diameters (9-11 mm) were transplanted into the columns in April 2017 and fixed to the third 
strain in each column. 


Table 1 Soil physical and chemical properties in the study area 


Soil BD K, FC PSD (%) SOC TN SOC/ TP cy 
> Cla Silt Sand 
type (g/cm) (10°C, cmh) (g/g) y (g/kg) (g/kg) TN (g/kg) 
pew 1.65 13.44 0.15 5.15 31.28 63.58 2.07 1.32 1.57 1.38 0.96 
1. 
Loamy 1.36 8.23 0.27 13.88 51.13 34.99 3.49 1.54 2.27 1.67 0.74 


Note: BD, bulk density; Ks, saturated hydraulic conductivity; FC, field capacity; PSD, particle size distribution; SOC, soil organic 
carbon; TN, total nitrogen; TP, total phosphorus. 

The sandy soil was labelled A and the loamy soil was labeled B in the study. Five levels of 
water treatment were selected because the range of average soil water content in wet years in the 
study area was 47%-—60% of FC and that in dry years was 32%-47% of FC. Water treatments 
were abbreviated as W1 (90% (45%) FC), W2 (75% (45%) FC), W3 (60 (45%) FC), W4 (45% 
(+5%) FC) and Ws (30% (+5%) FC). The corresponding gravimetric water contents were 
0.125-0.139, 0.102—0.117, 0.080—-0.095, 0.058-0.073 and 0.036—0.051 g/g for the sandy soil and 
0.229-0.256, 0.189-0.216, 0.149-0.176, 0.108—-0.135 and 0.067—0.094 g/g for the loamy soil, 
respectively. The permanent wilting point of A. pedunculata grown in the sandy and loamy soils 
was 15.8% and 22.8% FC (less than the lowest water treatment of 30% FC), respectively (Pei et 
al., 2018). Thus, A. pedunculata can survive under the lowest water treatment (30% FC). The 
values of BD in the sandy and loamy soils were 1.65 and 1.36 g/cm?, respectively. The initial 
water contents in the loamy and sandy soils used in the experiment were 0.060 and 0.034 g/g, 
respectively. 

The amount of water added to the columns was calculated by subtracting the weight of fresh 
plant, the vermiculite cover on the soil surface and irrigation tube from the total weight of the 
column and dividing that by the dry weight of sandy or loamy soil. To avoid destroying A. 
pedunculata seedlings, we used the heterokinetic growth formula to estimate the aboveground 
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plant biomass. The aboveground plant dry weight (Ba, g) was allometrically estimated from the 
stem diameter (D) and height (H) (Feng et al., 1999): 

In(Ba)=axIn(D?H)+b, (1) 
where a and b are 0.94 and 1.45 in the experiment, respectively; and H and D are the observed 
values of plant height (cm) and stem diameter (mm) using measuring tape and vernier calipers, 
respectively. 

The biomass (fresh weight obtained from estimated H and D) of the aboveground part of A. 
pedunculata increased by about 10 g per day. As such, the H and D were measured once a week. 
The soil columns were weighed after 2—4 d. Water was added to the columns until the upper limit 
of the water content reached in each treatment. The water content of the upper limit represented 
the mean value during the observed period. 


2.3 Data collection 


Water consumption by transpiration was calculated by the water balance method using the 
difference between two weights of soil column before and after water addition. The daily 
transpiration rate was calculated as the average water consumption over a period of 2—4 d. The 
aboveground biomass of A. pedunculata increased by 9.2 g per day on average in the peak growth 
season (from June to August in 2018), which was much lower than the average daily water 
consumption (139.0 g). Thus, changes in A. pedunculata biomass was ignored as the weight 
changed little during the 3—5 d period relative to the change in water content. Mi et al. (2016) also 
ignored the change in C. korshinskii biomass over a period of 2—4 d in their column experiment. 
Free pan water evaporation was measured using plastic bucket with internal diameter of 25 cm 
and height of 30 cm, filled with water to represent the same environmental conditions during the 
experiment. The experiment was carried out during the growing season of A. pedunculata, lasting 
from April to October in 2018. H and D were measured once a month. At the end of the 
experiment, the stems and leaves of the plants were collected and the columns were dissected to 
collect plant roots. 


2.4 Statistical analysis 


One-way analysis of variance (ANOVAs) was used to examine the significant differences in 
water content, transpiration, plant growth and biomass among different treatments. The least 
significant difference (LSD) test was done if the difference was found to be significant. The data 
were analyzed in SPSS v16.0 software (Inter-national Business Machines Corporation (IBM), 
USA). 


3 Results and discussion 


3.1 Soil water content 


The ranges and average values of soil water content for each water treatment in the experiment 
are shown in Table 2. There were significant differences in average soil water content among 
different water treatments in both sandy and loamy soils (P<0.05). Result showed that average 
soil water content was significantly higher in the loamy soil than in the sandy soil for the same 
water treatment (P<0.05). This was attributed to the differences in FC of the investigated soil 
types (Table 1). The coefficient of variation for soil water content as a function of time for each 
treatment was less than 0.14 and the mean standard error was 0.02. The average soil water 
contents were controlled and maintained at desired values by weighing the columns and adding 
water every 2—4 d during the experiment. 


3.2 Water consumption 


Dynamic changes in daily transpiration of A. pedunculata under different water treatments in the 
sandy and loamy soils are shown in Figure 1. The values of daily and cumulative transpiration 
under different treatments were compared in ANOVAs (at 95% confidence interval). 

Daily transpiration consistently increased with increasing soil water content from 30% to 75% 
FC (i.e., AWs-AW2, BWs—BW2) and then decreased under 90% FC (i.e., AW; and BW);) in both 
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Table 2 Soil water contents under different textural soils and water treatments 


Soil type Water treatment Range of soil water content (g/g) Average soil water content (g/g) 
Sandy soil AW; 0.125-0.139 0.132 
AW, 0.102—0.117 0.110 
AW; 0.080-0.095 0.088 
AW, 0.058—0.073 0.066 
AW; 0.036—-0.051 0.044 
Loamy soil BW: 0.229—0.256 0.243 
BW: 0.189—0.216 0.203 
BW; 0.149—0.176 0.162 
BW, 0.108—0.135 0.122 
BWs; 0.067—0.094 0.081 


Note: A and B represent the sandy and loamy soils, respectively; W1, W2, W3, Wa and Ws denote the five levels of water treatment, 
which are respectively 90% (+5%) FC (field capacity), 75% (45%) FC, 60% (+5%) FC, 45% (+5%) FC and 30% (45%) FC. 


sandy and loamy soils (Fig. 1; Table 3). Plants grown in soils with water contents of 90% FC and 
30% FC (AWs and BWs) had 22.5%—41.8% and 5.3%—74.3% less transpiration than soils treated 
with 75% FC (AW2 and BW>2). Our results showed that plant transpiration was higher under 
intermediate water condition (75% FC) irrespective of soil texture. This is in agreement with the 
findings by Taghvaeian et al. (2014) in a study of plant response to water stress in terms of 
transpiration. The decline of plant transpiration in soils under well-watered and severe-drought 
conditions relative to that under moderate water deficit was attributed to the difference in the 
activity of transpiration for regulating stomatal response (Kiani et al., 2007; Mathobo et al., 2017). 
Significant differences were observed in mean daily transpiration for treatments with water 
contents less than 75% FC either in the sandy (AW3, AW, and AWs) or the loamy (BW3, BWa 
and BWs) soil (Table 3). However, daily transpiration did not significantly differ between AW2 
and AW; in the sandy soil and among BW:1, BW: and BW; in the loamy soil. Maintaining similar 
daily transpiration under the higher soil water condition was reasonable, even though the soil 
water content significantly differed. This is because various physiological indices (e.g., 
transpiration rate, photosynthetic rate and plant height) decrease until soil water content falls 
below a threshold value (Wu et al., 2011a, b). In addition, the threshold values not only vary in 
different plants but also in the same plant grown in different textural soils (Pei et al., 2019). 

Mean daily transpiration of plants in the sandy soil was significantly lower than that of plants 
in the loamy soil under well-watered condition (90% FC) (Table 3). In contrast, higher mean daily 
transpiration was observed for plants in the sandy soil than in the loamy soil under water deficit 
conditions (45% and 30% FC) (Table 3). There was no significant difference in mean daily 
transpiration between the sandy and loamy soils with 75% and 60% FC (Table 3). The maximum 
mean daily transpiration of A. pedunculata in the sandy soil (0.196 kg) was lower than that in the 
loamy soil (0.210 kg) under 75% FC (AW2 and BW2). However, the minimum mean daily 
transpiration of A. pedunculata in the sandy soil (0.114 kg) was much higher than that in the 
loamy soil (0.054 kg) under 30% FC (AWs and BWs) (Table 3). Similar trends were observed for 
cumulative transpirations in the sandy and loamy soils under different water treatments (Table 3). 
Thus, A. pedunculata in the sandy soil is more tolerant to drought than that in the loamy soil, but 
it grows better under well-watered condition in the loamy soil than in the sandy soil. The results 
suggest that A. pedunculata has differential responses to water stress in terms of transpiration 
under different textural soils. This could be related with variations in water hydraulic conductivity 
in the sandy and loamy soils under different water treatments (Li et al., 2002; Zarebanadkouki et 
al., 2015) that in turn affected A. pedunculata root water uptake, WUE and plant transpiration. Mi 
et al. (2016) also found that changes in hydraulic conductivity of soils due to the addition of rock 
fragments resulted in fluctuations in plant transpiration. In addition, differences between the 
sandy and loamy soils in terms of nutrient content and the related stoichiometric ratios (Table 1) 
may also affect plant growth and transpiration (Duong et al., 2012; Alberti et al., 2015). 
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Fig. 1 Daily evaporation (a) and transpiration (b and c) from May to September in 2018. A and B represent the 
sandy soil and loamy soil, respectively. Wi, W2, W3, W4 and Ws denote the five levels of water treatment, which 
are respectively 90% (+5%) FC (field capacity), 75% (+5%) FC, 60% (+5%) FC, 45% (+5%) FC and 30% (+5%) 
FC. AW, and BW, respectively represent mean daily transpiration of the sandy soil and loamy soil under 
different water treatments. The abbreviations are the same as in Figures 2—4. Bars represent standard errors. 


3.3 HandD 


Dynamic changes in H and D of A. pedunculata under different water treatments in the sandy and 
loamy soils are shown in Figure 2. A. pedunculata in the sandy and loamy soils showed different 
growth trends with increasing intensity of water stress (Fig. 2). In the sandy soil, plants grown 
under 60% FC and 45% FC (AW; and AWg) were taller and had larger D values than those under 
other water treatments (AW1, AW2 and AWs). In the loamy soil, however, H and D decreased 
with decreasing water content. The discrepancy in H and D among different water treatments 
increased at the end of growing season in both sandy and loamy soils (Fig. 2). Thus, A. 
pedunculata grows better under moderate water deficit (60% FC) in the sandy soil or under 
well-watered condition (90% FC) in the loamy soil. The cause of this discrepancy is, however, 
not completely understood. This is partly due to the difficulty in separating the effects of 
interrelated factors, such as physical impedance to root growth, soil gas exchange, water 
availability and nutrient uptake under different soil and water conditions. In addition, A. 
pedunculata grew under well-watered condition may require more nutrients for growth. This may 
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Table 3 Mean daily and cumulative transpirations under different textural soils and water treatments 


Soil type Water treatment Mean daily transpiration (kg) Cumulative transpiration (kg) 

Sandy soil AW, 0.152+0.0202 16.66+0.513" 
AW? 0.195+0.039° 21.78+1.157° 
AW; 0.196+0.021° 21.7640.873°% 
AW, 0.179+0.040° 19.52+0.752% 
AW; 0.114+0.021° 12.08+0.664! 
Mean 0.147 18.36 

Loamy soil BW, 0.199+0.027° 21.04+0.996° 
BW) 0.210+0.036° 22.36+0.574°¢ 
BW; 0.192+0.024° 20.20+0.637¢ 
BW, 0.090+0.0164 9.16+0.344° 
BW; 0.054+0.014! 5.50+0.2188 
Mean 0.132 15.65 


Note: A and B represent the sandy soil and loamy soil, respectively. W1, W2, W3, W4 and Ws denote the five levels of water treatment, 


which are respectively 90% (+5%) FC (field capacity), 75% (+5%) FC, 60% (45%) FC, 45% (+5%) FC and 30% (45%) FC. Different 
lowercase letters within the same column indicate significant differences among different treatments at P<0.05 level. Mean+SE. 
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Fig. 2 Plant height (a and b) and stem diameter (c and d) of A. pedunculata from May to September in 2018 
under different textural soils and water treatments. Bars represent standard errors. 


also explained that why A. pedunculata grew better either under moderate water deficit in the 
infertile sandy soil or under well-water condition in the fertile loamy soil. Thus, balancing water 
and nutrient supply is critical to A. pedunculata in different soil textures. Further study is needed 
to investigate the relative impacts of all such factors on the variations in plant growth under 
different water conditions in the sandy and loamy soils. Significant differences in H and D were 
observed among AW1, AW2 and AW; treatments in the sandy soil and among BW1, BW2 and 
BW; treatments in the loamy soil at the end of growing season (Table 4). However, H and D did 
not significantly differ between AW;4 and AWs in the sandy soil and between BW, and BWs in 
the loamy soil (Table 4). Our results suggested that A. pedunculata grown in the sandy soil was 
more adaptable to water stress than that in the loamy soil (Table 1). This further confirmed that A. 
pedunculata was highly tolerant to drought and can be used for desertification control (Lu et al., 
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2018a, b). Consequently, there is recently an increased planting of A. pedunculata for controlling 
desertification in the Mu Us Desert in the northern region of the Loess Plateau (Wang et al., 2018; 
Huang et al., 2019). 

At the end of the growing season, H and D were significantly lower in the sandy soil than in 
the loamy soil under well-watered condition (90% FC) (Table 4). In contrast, there were higher H 
and D in the sandy soil than in the loamy soil under moderate water deficit (60% FC) (Table 4). 
There was no significant difference in H and D between the sandy and loamy soils under 45% and 
30% FC (Table 4). The maximum H (73.5 cm) in the sandy soil under 60% FC (AW3) was much 
lower than that in the loamy soil (89.6 cm) under 90% FC (BW). Also, the minimum H (46.3 cm) 
in the sandy soil under 90% FC (AW1) was lower than that in the loamy soil (57.1 cm) under 60% 
FC (BWs) (Table 4). Similar trends were observed for D in the sandy and loamy soils under 
different water treatments (Table 4). The results showed that soil texture might have greater 
impacts on A. pedunculata growth than water stress. Tramontini et al. (2013) also noted that soil 
texture influenced the growth response of grape-berry under different levels of water stress. 


Table 4 Plant height (H) and stem diameter (D) under different textural soils and water treatments at the end of 
the growing season 


Soil type Water treatment H (cm) D (mm) 

Sandy soil AW, 46.343.5° 9.25+0.62° 
AW: 61.2+4.7° 10.78+0.38* 
AW3 73.5+5.2° 12.94+0.51° 
AW, 66.2+5.1° 12.30+0.47° 
AWs 58.5+4,3° 9.35+0.21° 

Loamy soil BW: 89.6+7.8° 14.87+0.98° 
BW, 74.56.75 11.62+0.67 
BW3 50.5+4.87 10.62+0.43° 
BW, 57.8+3.2” 8.42+0.23° 
BW; 57.142.82 8.35+0.20 


Note: A and B represent the sandy soil and loamy soil, respectively. W1, W2, W3, W4 and Ws denote the five levels of water treatment, 
which are respectively 90% (+5%) FC (field capacity), 75% (+5%) FC, 60% (45%) FC, 45% (+5%) FC and 30% (45%) FC. Different 
lowercase letters within the same column indicate significant difference among different treatments at P<0.05 level. Mean+SE. 


3.4 Biomass accumulation 


Aboveground, belowground and total biomasses of A. pedunculata at the end of growing season 
under different water conditions in the sandy and loamy soils are shown in Figure 3. A. 
pedunculata in the sandy and loamy soils had different patterns of biomass accumulation and 
partitioning with increasing intensity of water stress (Fig. 3). In the sandy soil, the highest 
aboveground, belowground and total biomasses were observed under 60% FC (AW3), 75% FC 
(AW2) and 60% FC (AWs), respectively. The lowest total and component (aboveground or 
belowground) biomasses in the sandy soil occurred under 90% FC (AW1}) water treatment. In the 
loamy soil, however, the highest aboveground, belowground and total biomasses were observed 
under 90% FC (BW), 75% FC (BW2) and 75% FC (BW2), respectively. The lowest total and 
component biomasses in the loamy soil occurred under 30% FC (BWs) (Fig. 3). This further 
confirmed that A. pedunculata grew better under moderate water deficit (60%—75% FC) in the 
sandy soil or under well-watered condition (75%-90% FC) in the loamy soil. Zhou et al. (2016) 
and Qin et al. (2016) also found that moderate drought stress in the sandy soil could improve 
plant growth and increase crop yield. Inhibition of plant growth due to water stress, however, has 
generally been observed in the loamy and clay soils (Quick et al., 1992; Liu et al., 2013; Verslues, 
2017). Significant differences were observed between 60% FC (AW3) and 90% FC (AW;) 
treatments in terms of aboveground, belowground and total biomasses in the sandy soil and 
between 75% FC (BW2) and 30% FC (BWs) treatments in the loamy soil at the end of growing 
season (Fig. 3). However, aboveground, belowground and total biomasses did not significantly 
differ between AW, and AW; in the sandy soil and between BW, and BW; in the loamy soil 
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(Table 4). Our results suggested that A. pedunculata grown in the loamy soil needed more water 
to support growth than that grown in the sandy soil. This has significant implications for 
vegetation restoration on the Loess Plateau. Considering the variations in A. pedunculata growth 
in the sandy and loamy soils with increasing water stress intensity, it is recommended to plant A. 
pedunculata in the sandy soil with relatively low water content in the arid region or in the loamy 
soil with relatively high water content in the semi-humid region on the Loess Plateau. 

The total biomass in the sandy soil was significantly lower than that in the loamy soil under 
well-watered condition (90% FC; Fig. 3). In contrast, higher biomass was observed in the sandy 
soil than in the loamy soil under moderate water deficit (60% FC; Fig. 3). There were no 
significant differences in biomass accumulation between the sandy sand loamy soils under 75%, 
45% and 30% FC (Fig. 3). The maximum aboveground biomass in the sandy soil under 60% FC 
(AW3) was lower than that in the loamy soil (30.55 g) under 90% FC (BW1). However, the 
minimum aboveground biomass (13.07 g) in the sandy soil under 90% FC (AW) was higher than 
that in the loamy soil (8.22 g) under 30% FC (BWs) (Fig. 3). Similar trends were observed for 
changes in belowground and total biomass in the sandy and loamy soils under different water 
conditions (Fig. 3). Our results demonstrated that both soil texture and water stress affected A. 
pedunculata growth and biomass accumulation. However, the relative degree of impact of texture 
and water content on plant growth varied with water treatments. This is in agreement with the 
findings of Roncucci et al. (2015) and Wu et al. (2011a), who found that differences in plant 
growth were mainly caused by soil texture under well-watered condition and by water content 
under high level of water stress. 
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Fig. 3 Aboveground (a) and belowground (b) biomasses, total biomass (c) and root to shoot ratio (d) of A. 
pedunculata under different textural soils and water treatments. Different lowercase letters represent significant 
differences among different water treatments within the same soil texture at P<0.05 level. Bars represent standard 
errors. 


3.5 WUE 


As an important factor, WUE determines plant yield especially in drought environments (Blum, 
2009; Jin et al., 2019). In this study, WUE was calculated as the ratio of total biomass produced 
(sum of aboveground and belowground biomasses) to consumed water (transpiration). WUE 
under different water conditions in the sandy and loamy soils is shown in Figure 4. A. 
pedunculata in the sandy and loamy soils showed similar increase in WUE with increasing 
intensity of water stress. It initially increased with decreasing water content from 90% to 75% FC 
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and then decreased under 45% and 30% FC in both sandy and loamy soils. The mean WUE under 
different water conditions was higher in the sandy (1.97 g/(m?-.mm)) soil than in the loamy (1.74 
g/(m*-mm)) soil (Fig. 4). This indicated that WUE of the plant increased under moderate water 
stress (e.g., AW3 and BW3), but decreased under severe water deficit (e.g., AWs and BWs). This 
is in agreement with previous studies of WUE under different water conditions, irrespective of the 
vegetation type (Lei et al., 2018; Korup et al., 2018). Katerji and Mastrorilli (2009) studied WUE 
for six irrigated crops in different textural soils and showed that plants grown in the loamy soil 
had a higher WUE than those grown in the clay soil. The observed discrepancy in WUE in 
different textural soils was attributed to the differences in soil properties (e.g., porosity, hydraulic 
conductivity and nutrients) that affect plant growth and transpiration (Tramontini et al., 2013). 
Significant differences were observed in WUE among 90% FC (AW)}), 75% FC (AW2) and 60% 
FC (AWs) treatments in the sandy soil and among 90% FC (BW;), 60% FC (BW3) and 30% FC 
(BW5) treatments in the loamy soil (Fig. 4). However, WUE did not differ significantly between 
90% FC (AW);) and 30% FC (AWs) treatments in the sandy soil and between 90% FC (BW1) and 
45% FC (BW.) treatments in the loamy soil (Fig. 4). Our results suggested that continuous higher 
water supply or sustained water deficit can significantly decrease WUE, providing a vital guide 
on water management during vegetation restoration on the Loess Plateau. Studies at both plot and 
regional scales showed that a certain threshold of soil moisture existed for WUE. Lu and Zhuang 
(2010) noted that WUE increased with decreasing soil moisture under moderate drought condition, 
whereas it decreased with decreasing soil moisture under severe drought condition. Therefore, 
consideration of site condition and plant water demand is critical to improve WUE on the Loess 
Plateau. 

In the sandy soil, WUE was significantly higher than that in the loamy soil under higher water 
stresses (60%, 45% and 30% FC) (Fig. 4). In contrast, there were no significant differences in 
WUE between the sandy and loamy soils under 90% and 75% FC (Fig. 4). The maximum WUE 
in the sandy soil under 60% FC (AW3) was higher than that in the loamy soil (2.35 g/(m?.mm)) 
under 75% FC (BW2). In contrast, the minimum WUE (1.29 g/(m?.mm)) in the sandy soil under 
30% FC (AWs) was comparable to that in the loamy soil (1.08 g/(m?-mm)) under 30% FC (BWs) 
(Fig. 4). Although the response of WUE to water stress has been extensively studied in the past 
several decades (Katerji and Mastrorilli, 2009; Mi et al., 2016), the effect of soil texture on WUE 
under different water conditions is rarely examined. Our study showed that A. pedunculata grown 
in the sandy and loamy soils had different WUEs under the same water treatment. This suggested 
that both water conditions and soil texture should be considered when planting A. pedunculata on 
the Loess Plateau. 
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Fig. 4 Water use efficiency (WUE) of A. pedunculata under different textural soils and water treatments. 
Different lowercase letters indicate significant differences among different water treatments within the same soil 
texture at P<0.05 level. The horizontal dashed line represents mean WUE under different water treatments. 


Studies on the response of plant growth to environmental conditions have largely focused on a 
single plant or environmental stress. For example, Mi et al. (2016) used Caragana microphylla to 
study the role of rock fragments in WUE and water consumption, but the effects of rock 
fragments on plant characteristics can be species-specific. Qin et al. (2016) studied the growth 
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strategies of different types of Ulmus pumila and Robinia pseudoacacia under water stress 
conditions on the Loess Plateau, but failed to consider the effect of soil texture. Different plants 
(including trees, grasses and crops) respond differentially to different soil texture and water stress 
conditions because of different growth characteristics and water/nutrient demands. Further 
comprehensive studies are therefore needed to supplement existing information on the response of 
plant species to soil texture and water stress, and the applicability of the results of this study to 
other plant species. 


3.6 Implications 


In the northern region of the Loess Plateau, especially in the arid and semi-arid zones, efficient 
use of water resources is critical for sustainable plant growth. Plant water use strategy is 
controlled by many factors, including soil properties, water condition and functional plant root 
(Yu et al., 2015; Tang et al., 2018). The effect of soil texture and water conditions on the growth 
of A. pedunculata was analyzed in this study. The aim was to provide scientific basis for rational 
revegetation of the arid/semi-arid regions of the Loess Plateau with the high soil and water 
heterogeneity. Our study showed that there was differential response of A. pedunculata to water 
stress in different textural soils. Based on measured transpiration, biomass accumulation and 
WUE, A. pedunculata was adaptable to sandy soil conditions with a relatively low water content 
(30-60% FC) or to loamy soil conditions with a high water content (>60% FC). This suggested 
that A. pedunculata grown in the sandy soil was more tolerant to water stress, while that grown in 
the loamy soil had greater water consumption and higher water demand. Tramontini et al. (2013) 
argued that soil properties such as texture (as non-negligible factors) were important for plant 
growth, especially in drought conditions. Su et al. (2015) also showed that soil texture was critical 
for biomass accumulation in managed vegetation in arid and semi-arid regions. Soil texture was 
the key factor that controlled plant transpiration, growth, WUE and their response to water stress. 
This was crucial for rational vegetation and improved WUE on the Loess Plateau, especially in 
the water-wind erosion crisscross region with high soil water heterogeneity. With respect to 
planting A. pedunculata on the Loess Plateau, the recommended condition for sustainable growth 
and high WUE is either arid sandy soil or moist loamy soil. The column used in the study, 
however, may inhibit root growth due to limited space. Field verification of the experimental data 
is thus required before extrapolation of the results to the natural environment. 


4 Conclusions 


A column experiment was used to investigate the effects of soil texture (sandy and loamy) under 
different water conditions on the water consumption, WUE and biomass accumulation of A. 
pedunculata in the transitional zone between Mu Us Desert and Loess Plateau, China. The plant 
transpiration, biomass production and WUE responded differentially to increasing intensity of 
water stress in the sandy and loamy soils. A. pedunculata grown in the loamy soil required more 
water to support growth than that grown in the sandy soil. Thus, it is recommended to plant A. 
pedunculata in the arid sandy soil or moist loamy soil. Balancing water and nutrient supply is also 
critical to A. pedunculata growth in different soil textures. 
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